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ABSTRACT: Thixoforming of aluminium alloy has been making a strong 
presence in the near net shape part production for the automotive and 
aerospace industries due to its process superior properties output in 
comparison to the other conventional methods. Improvement of the 
properties would surely further add to the already advantageous process 
above others. This study investigates the mechanical and wear behaviours of 
thixoformed Al-Si-Cu alloy when multi-walled carbon nanotubes (MWCNT) 
infusing into the thixoforming process. A new approach established using the 
mechanical stirring casting techniques produces a well-bind composite 
mixture of non-dendritic aluminium mixed with different content (0.5, and 
0.75) of MWCNTs. The approach enclosed the MWCNTs with 0.5 wt.% of 
Magnesium (Mg) powder as a wetting agent into an aluminium wrapping 
and stirred it with LM4 for 10 and 15 min interval inside a furnace. The 
feedstock produced would be thixoformed before finally being applying T5 
and T6 heat treatment. The microstructure of each specimens is characterised 
while the mechanical (tensile and hardness) and wear properties are 
measured according to each requirement. The outcome shows formation of 
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non-dendritic microstructure with homogeneous distribution phase of the 
MWCNTs within it. The DOE analysis of the highest MWCNT content and 
stirring time after a T6 heat treatment reveals the highest hardness and UTS 
result of 94.6 HV and 246.2 MPa respectively. The Taguchi analysis also 
reveals that heat treatment was the most significant factor contributing 
towards the improvement. The heat-treated samples increase the hardness 
and tensile strength approximately 30% compared to an as-cast and give 
around 20% increment of wear resistance to the specimen.  
 
KEYWORDS: Semisolid Metal Processing; Aluminium Matrix Composite; 
Multi-Walled Carbon Nanotubes; Mechanical Test; Wear Test 
 
 
1.0 INTRODUCTION  
 
The composition of cast aluminium LM4 alloy of 92.14% Al, 4.155% Si, 
0.554% Fe, 2.553% Cu, 0.352% Mn, 0.083% Mg, 0.015% Zn, 0.003% Cr, 
0.0031% Ni, 0.123% Ti, 0.0213% Pb is susceptible to fluidity and are 
commonly used for casting process with thixotropic properties. The 
intrinsic properties of Al-Si alloy that include high strength to weight 
magnitude relation, exceptional solidity and pressure tightness, low 
thermal expansion coefficient, good mechanical properties and 
resistance to corrosion makes it widely and commercially utilised [1]. 
Under these characteristics, the semi-solid processing such as 
thixoforming of aluminium alloys is paving its way into the aerospace 
and automotive industries due to the properties improvement it can 
give and the problematic issues from a conventional casting process 
that it can overcome. The laminar flow from a liquid to solid fractions 
of 0.3-0.5 alloy would ensure a reduction in gas entrapment during 
solidification [2].  
 
On the other hand, producing a Metal Matrix Composite (MMC) 
would improve further the strength and physical properties of the 
metal while maintaining the metal’s lightweight character. The 
interest for CNT-metal composites as a potential mechanical 
reinforcement has grown significantly. This trait can achieve when the 
matrix and reinforcement gain a uniform dispersion of CNTs in the 
matrix and an excellent bonding at the interface [3]. However, the 
segregation of CNTs due to their strong van der Waals forces could 
inevitably produce material defects that would affect the properties 
due to any inhomogeneity dispersion. 
 
CNTs have high potential of usability in the industry of 
nanotechnology, optics, electronics and other fields. CNTs have a large 
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aspect ratio thus making it possible to alter the microstructural of its 
matrix [4]. The carbon nanotubes are available as cylinder single-
walled carbon nanotubes (SWCNT) or a multiple concentric cylinder 
known as multi-walled carbon nanotubes (MWCNT). Although the 
cylindrical wall is varied, both MWCNT and SWCNT have the same 
purpose, which are to strengthen the mechanical properties and 
enhance thermal responses of metal matrix composite materials. The 
linked hexagonal shapes give the strong molecule structure yet can be 
bent and back to its original shape when released. Although SWCNT 
has a tensile strength 10 times, better that MWCNT but MWCNT are 
cheaper and has better dispersibility in solutions compared to 
SWCNT.  
 
A grain refinement can contribute to improve strength so long that the 
reduction does not create microporosity. It is also known that 
modification of the morphology from columnar to the equiaxed grain 
would increase the mechanical properties quality and uniformity of a 
cast alloy [6]. Heat treatment has shown its ability to modify the 
microstructures without changing the form of the entity [5-6]. The 
most used heat treatment for aluminium alloys is T5 and T6 heat 
treatment. T5 heat treatment includes cooling after casting or hot 
working prior to artificially aging, while T6 heat treatment requires 
three-step treatments of solution treatment (ST), quenching and 
artificial aging [7-9]. T6 heat treatment is considered the most popular 
choice for increasing the hardness, strength, temperature resistance 
and ductility of a sample [10-12]. ST is intentionally applied to dissolve 
the Cu-containing particles during solidification process is slowly 
dissolve by solution treatment and removed by a high temperature 
close to the eutectic temperature. Many attempts were recorded in 
short ST time that would suggests the recommended 8-10 hours 
standard is unnecessarily long [13-14]. This is further proven by some 
research that saw the same materials integrity while reducing the ST 
time [7]. Even though Al8Mg3FeSi6 and Al5Cu2Mg8Si6 are hard to 
dissolve, it is sufficient to expose the alloy at high temperature in a 
short time to avoid local melting of Cu-containing phase during the 
solution treatment [15-17].  
 
Conventionally, the components that are widely manufactured using 
die casting method carries defects such as porosity, macrosgregation 
and forming forces leading to inferior material characteristics. Since it 
has been widely recorded that thixoforming and heat treatment can 
enhance the mechanical properties, the incorporation of CNTs with 
aluminium metal matrix have not seen proper investigation especially 
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towards the tribology and coefficient of friction of Al MMC. Hence, 
this study assesses the effectiveness of mechanical stirring casting 
technique for feedstock production. Thixoforming process is to 
investigate the improvement of the mechanical properties and wear 





2.1 Feedstock Preparation 
 
The initial step for performing a thixoforming process is by preparing 
the LM4 + MWCNT billet through a mechanical stirring casting 
process under the defined material and process parameter setting 
shown in Table 1. These samples would later be subjected to heat 
treatment after the thixoforming process. 
 
Table 1: Design of Experiment using Taguchi Method 
Sample CNT content (wt. %) Stir Time (minutes) Heat Treatment 
1 0.5 10 T5 
2 0.5 10 T6 
3 0.5 15 T5 
4 0.5 15 T6 
5 0.75 10 T5 
6 0.75 10 T6 
7 0.75 15 T5 
8 0.75 15 T6 
 
2.2 Thixoforming Processing 
 
The process is performed on a T30-80KHz thixoforming machine. The 
feedstock billet is placed on a pneumatic cylinder ram in between an 
induction coil as shown by Figure 1. Then, it is heated to a semi-solid 
state (580°C) indicating a 50% liquid fraction from the Differential 
scanning calorimetry (DSC) curve [18].  
 
The reheating was controlled by the current frequency that increased 
at 50 A per minutes until the intended thixoformed temperature, Tthixo 
was reached. A K-type thermocouple measured the billet temperature 
throughout the process. Subsequently as the Tthixo was reached, the ram 
pushes the semi solid feedstock with 5 tonnes forging load into the 
steel mould to perform the thixoforming before finally being cooled 
down to ambient temperature. 
 




Figure 1: Thixoforming process machine setup [19] 
 
 
Figure 2: The aluminium MMC billet produced by: (a) mechanical stirring 
casting and (b) thixoforming process  
 
2.3 T5 and T6 Heat Treatments 
 
Table 1 shows the T5 and T6 heat treatment time for heating the 
sample. A T5 heat treatment will consist of only an artificial aging 
where the alloy will be heated up to 160°C for 6 hours to cause 
precipitation of fine particles of the beta phase. Meanwhile the T6 heat 
treatment process consists of three steps: (i) solution treatment where 
the alloy will be heated up to 540°C for 8 hours using the Nabertherm 
furnace to dissolve the beta phase, (ii) quenching at room temperature 
to build a supersaturated solid solution and, (iii) artificial ageing at 
160°C for 4 hours. Finding by many researchers proved that the silicon 
particles would start growing and change to a more globular 
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Table 1: T5 and T6 heat treatments’ parameters 














2.4 Hardness Test 
 
Vickers Hardness Tester is used to test the hardness of the MMC. The 
hardness is measured with an applied load of 200g for 20 seconds. The 
T5 and T6 thixoformed samples are firstly grinded by silicon carbide 
(SiC) paper of 240, 400, 600, 800 and 1200 grit size. The samples 
polished with a polishing cloth and diamond paste of 6, 3 and 1 micron 
prior to perform the hardness test. The mean values are determined 
from the 10 measurements attained off a single sample. 
 
2.5  Mechanical Test 
 
The samples were cut using Wire Electrical Discharge Machining 
(WEDM), with the dimension of 10 mm diameter and minimum length 
of 60mm. Dog-bone shape tensile specimens were primarily used for 
the tensile tests which was fabricated from a CNC turning machine. 
The specimens were fabricated in accordance with ASTM: E8M 
standard as shown by Figure 3 and tested using a Universal Testing 
Machine (UTM). The test determines the mechanical behaviour such 
as ultimate tensile strength (UTS), yield strength and percentage of 
elongation for fracture. 
 
 
Figure 3: Dog-bone shaped specimen 
 
2.6 Wear Test 
 
The samples are prepared for the test by grinding them using five 
different grit size papers ranging 240 – 1200 before polishing with 
diamond paste. Three different microns are used for the polishing 
which are 6μm, 3μm and 1μm. The samples are then cleaned and dried 
before undergoing an etching process. The samples are immersed in 
Keller’s reagent for 10 seconds. 
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The performance of wear rate and the coefficient of friction of the 
MMC are tested by a dry sliding wear test in accordance with the 
ASTM-G99-05 standard. A micro ball-on-disc tribology machine as 
shown by Figure 4 is used to measure the wear rate at ambient 
temperature. The samples with a height of 5 mm and diameter of 4 
mm are used as the disks while a 12.7 mm steel ball as the pin. All 
samples undergo wear testing for 30 minutes. The wear test is 
performed at a 15 N applied load, 5 mm/s sliding speed with a set 
stroke of 2 mm. The specific wear rate is expressed on a volume loss 
basis (derived from the test before and after weight difference and the 
density) over the product of unit applied normal force and unit sliding 
distance. The coefficient of friction (CoF) is determined from the 
following equation: 
 
F/W(CoF) µ                          (1)         
                              




Figure 4: Pin-on-Disk tribo tester machine 
 
 
3.0 RESULTS AND DISCUSSION 
 
3.1 Microstructural Analysis 
 
The morphology of dendritic features (Figure 5(a)) of the as-cast 
composite has changed after the thixoforming process. The 
microstructures changes to a non-dendritic structure that constitutes 
of two phases: primary α- Al phase (white area) and Si-based eutectic 
phase (dark area) with more spherical grain structure and no 
indication of acicular phases as shown by Figure 5 (b). A superior 
homogeneous globules size microstructure feedstock is observed 
clearly due to the proper heating rates during the thixoforming 
process which increases the α-Al grains sizes.  
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                                  (a)                                                                 (b) 
Figure 5: The microstructure under optical microscope of: (a) as-cast LM4 
aluminium alloys and (b) thixoformed LM4/MWCNTs composites 
 
Figure 6 shows the T5 heat-treated thixoformed samples. It was clearly 
seen that there is a significant grain growth in the structure, however, 
the grain size is decreased after underwent a T6 heat treatment. Hall-
Petch strengthening mechanism can be used to predict the effect of 
grain size on the strength of a material [18]. As can be observed in the 
Figure 6, the microstructure of eutectic Si particles had changed and 
becomes more globular and more evenly distributed due to the 
solution heat treating and artificial aging. The uniform distribution of 
fine Si particles embedded around the α-Al globules would inarguably 
enhance the mechanical properties of the composites.  
 
   
                                       (a)                                                             (b) 
Figure 6: Optical micrograph at 100X magnification of the thixoformed 
LM4/MWCNTs composites after: (a) T5 and (b) T6 heat treatment 
 
Figure 7 is the EDX analysis of LM4/MWCNTs composites after a T5 
and T6 thixoformed process which shows Si Cu, Mg, and Fe elements 
present in certain areas within the Al matrix. The type of intermetallic 
phases precipitated in the thixoformed T5 and T6 composites contain 
Mg2Si, Al8Mg3FeSi5 and Al5Cu2Mg8Si6 that exists in the eutectic region. 
100 um 100 um 
100 um 100 um 
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These phases accumulated heavily at the grain boundaries with fine 
dispersion in theT6 thixoformed composite. 
 
 
                                   (a)                                                               (b) 
Figure 7: EDX analysis of LM4/MWCNT composite undergone: (a) T5 and 
(b) T6 heat treatment 
 
There are Mg that reacted with Si to produce Mg2Si phases that 
dispersed consistently within the composites. A certain amount of Mg 
and Si is left in the solid solution during T6 heat treatment at 
quenching stage. Therefore, α-Al phase contains excellent saturate Mg 
and Si phases that could lead to mechanical properties improvement. 
The remaining Mg reacted with Cu and Fe to produce an Al5Cu2Mg8Si6 
and Al8Mg3FeSi5 intermetallic compound, respectively. Al8Mg3FeSi5 
has a compact morphology and the existence of Fe which is known to 
be the most destructive impurity in aluminium alloys could be a 
damaging factor towards the tensile strength and ductility of the 
composites [20].   
 
3.2 Mechanical Properties 
 
The highest hardness value of 94.6 HV was attained by the composite 
with 0.75 wt.% CNT, stirring time of 15 minutes in T6 condition. The 
thixoformed samples hardness perform extremely better than as-cast 
samples due to lower porosity from the process and existence of CNT. 
The heat treatment has an important role in enhancing the hardness of 
the thixoformed sample, as the dendritic microstructures in as-cast 
sample are eliminated and spheroidization takes place. Comparison 
between a T5 and T6 of the same thixoforming parameter sample 
shows an increase of 38%. This notably was due to the precipitation of 
an intermetallic phase among the α-Al globules in the alloys. The 
second step of the T6 heat treatment had also contributed to improve 
the matrix strengthening properties. The hardness of the composite 
increased with an increase of MWCNT content as it acts as 
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reinforcement to the LM4 alloy while the longer stirring time has 
helped to distribute the elements in the molten matrix and prevented 
density segregation. 
 
Figure 8 implies that the strength of the composite increased 
significantly after the heat treatments. The tensile strength has 
increased with the increase of CNTs content and stirring time, 
reaching the optimal value at 0.75 wt. % CNTs and 15 min respectively 
while a T6 heat treatment showed a superior tensile strength to a T5. 
The composite shows 30% increments as compared to an as-cast LM4 
alloy. A sizable change in the sample’s UTS after a T6 meant that the 
heat treatment had enhanced the mechanical properties of 
LM4/MWCNTs composites. The result also indicates that the stirring 
time influence the least towards the mechanical properties of 






Figure 8: Mechanical properties performance of LM4/MWCNT composite  
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3.3 Coefficient of Friction (CoF) 
 
The CoF improves with the addition of MWCNT as compared to a 
pure as-cast aluminium indicating that the inclusion of CNT into the 
structure has increase the wearability of the surface by 7-10%. 
Furthermore, the CoF of the Al matrix composite is seen to improve 
more after undergoing thixoforming and heat treatment that alters the 
microstructure and dissolves and homogenize the soluble phases 
especially the T6 heat treatment. The CoF of T6 heat treated LM4-
MWCNT has the highest improvement of approximately 20% as 
compared to the as-cast sample as illustrated in Figure 9. 
 
 
Figure 9: Graph coefficient of friction against LM4-MWCNT composite 
 
Artificial ageing in the T5 heat treatment helps produce new and 
smaller precipitate. The diffusion effect that occurs due to low 
temperature and slow ageing time enlarge the already large Si 
particles. On the other hand, the T6 heat treatment involves a 
processing route of solution treatment that aids in homogenizing the 
spheroidizing of eutectic Si. The eutectic Si is more uniformly 
distributed, and the particle size increases. Si is a hard phase where 
fine and uniform distribution improves the wear properties of 
MWCNT-LM4 composite [21]. The quenching step further helped 
keep the Mg2Si and Al2Cu precipitate in the solid solution before 
finally the artificial ageing process increases the number of Mg2Si and 
Al2Cu precipitate, which contributes towards hardness increment and 




















0.5 WT% MWCNT 0.75 WT% MWCNT





The best parameters of the thixoforming feedstock are determined 
using Taguchi analysis. The study proved that thixoforming and T6 
heat treatment of the aluminium alloy composite produced a 
significant improvement on the hardness and mechanical properties. 
Furthermore, the heat treatment especially T6 improves the wear 
resistance of Al-MWCNT composite. The result also showed that the 
CNTs addition helps to increase the mechanical properties and wear 
behaviour of the thixoformed samples. The best CoF is achieved when 
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